The high sensitivity of the olfactory system is essential for feeding and oviposition in moth insects, and some chemosensory proteins (CSPs) are thought to play roles in this system by binding and carrying hydrophobic odorants across the aqueous sensillar lymph. In this study, to identify the olfactory CSPs from a repertoire of 21 CSP members in the notorious rice pest Chilo suppressalis (Walker) (Lepidoptera: Pyralidae), tissue expression patterns were firstly examined by quantitative real-time polymerase chain reaction (qPCR). It showed that CSP2 was antennae specific and seven more CSPs (CSP1, 3, 4, 6, 15, 16, and 17) were antennae biased in expression, suggesting their olfactory roles; while other CSPs were multiple-tissue expressed and non-antennae biased, suggesting other functions for these genes. To further determine the ligand binding specificity, three putative olfactory genes (CSP1-3) were expressed in Escherichia coli cells, and binding affinity of these three recombinant CSP proteins were measured for 35 plant volatiles by the ligand binding assays. CSP1 and CSP2 exhibited high binding affinities (Ki ≤ 10.00 µM) for four (2-tridecanone, benzaldehyde, laurinaldehyde and 2-pentadecanone) and two (2-heptanol and (+)-cedrol) host plant volatiles, respectively; the three CSPs also showed moderate binding affinity (Ki = 10.01-20.00 µM) for 16 plant volatiles. Our study suggests that the three CSPs play essential roles in the perception of host plant volatiles, providing bases for the elucidation of olfactory mechanisms in this important pyralid pest.
A sensitive olfactory system is essential for insects to locate the food sources, mating partners and oviposition sites. Insect olfaction is mediated by particularly sensory neurons located in the sensilla of antennae and other chemosensory organs (Krieger et al. 2004 , Tanaka et al. 2009 , Leal 2013 . These sensilla are cuticular structures with aqueous lymph surrounding the dendrites of the olfactory neurons, and abound with different types of small soluble olfactory proteins, odorant binding proteins (OBPs) (Mckenna et al. 1994 , Pikielny et al. 1994 ) and chemosensory proteins (CSPs) (Jacquin-Joly et al. 2001 , Calvello et al. 2003 , Pelosi et al. 2005 . Both OBPs and CSPs are regarded as carriers of pheromones and odorants in insect chemoreception (Pelosi et al. 2018 ). Similar to OBPs, CSPs consist of around 100-200 residues, but have only four highly conserved cysteines that are attached by two pairs of non-interlocked disulfide bridges (Wanner et al. 2004) ; both OBPs and CSPs consist of α-helical sections, but the folding conformations were different between OBPs and CSPs (Lartigue et al. 2002 , Simona et al. 2006 , Jansen et al. 2007 . Since the first CSP, olfactory-specific protein p10 was identified two decades ago in the cockroach legs (Nomura et al. 1992) . CSP genes have been molecularly identified in many insect species, such as Cactoblastis cactorum (Berg) (Lepidoptera: Pyralidae) (Maleszka and Stange 1997) , Bombyx mori (L.) (Lepidoptera: Bombycidae) (Picimbon et al. 2000) , Spodoptera exigua (Hübner) (Lepidoptera: Noctuidae) , Blattella germanica (L.) (Blattodea: Blattellidae) (Niu et al. 2016) , and Bemisia tabaci (Gennadiu) (Hemiptera: Aleyrodidae) , and Periplaneta americana (L.) (Blattodea: Blattidae) (He et al. 2017) . However, the olfactory role and the odorant specificity are still unknown for most CSPs.
CSPs are extensively expressed from different tissues of insects and thus suggested to play essential roles in various physiological functions , Iovinella et al. 2013 . Some CSPs are highly detected in the antennae and show binding affinity to plant volatiles and sex pheromones, suggesting their olfactory roles (Gu et al. 2012 , Iovinella et al. 2013 , Zhang et al. 2014 ; some CSPs are highly detected in non-olfactory tissues, such as the thoraxes (Gu et al. 2012) , legs (Wanner et al. 2004 , Jacobs et al. 2005 , Liu et al. 2010 , wings (Ban et al. 2003 , Zhou et al. 2008 , and abdomens (Gong et al. 2007 , Maleszka et al. 2007 , suggesting that they may take a part in other physiological processes. Chilo suppressalis (Walker) (Lepidoptera: Pyralidae), feeds on a variety of crops and has become a serious rice pest in China (Sheng et al. 2003 , Chen et al. 2011 . The management of the rice striped stem borer has long relied on the spraying of insecticides, which are not only harmful to the environment and people's health but also lead to the evolution of insect resistance to insecticides. Targeting on the sensitive olfactory system, sex pheromones and plant volatiles have been used in the management of this pest (Casagrande 1993 , Cork and Basu 1996 , Alfaro et al. 2009 , Mandras 2013 . By transcriptome sequencing and bioinformatics' analysis, 21 putative CSP genes have been identified (Cao et al. 2014) , but the functional study of these genes has not been explored in C. suppressalis.
In this study, to characterize the CSP genes that play olfactory roles, we first examined the tissue and sex expression pattern of 21 reported CSP genes by quantitative real-time polymerase chain reaction (qPCR), and then, in vitro functionally characterized the odorant preference of some antennae specific or highly biased CSPs by ligand binding assays. The results provided important bases for the better understanding of the olfactory mechanisms and for the design of new olfaction-based control strategies for C. suppressalis.
Materials and Methods
Insect Rearing, Tissue Collections, Total RNA Isolation, and cDNA Synthesis
The laboratory population of C. suppressalis was reared and tissue samples (antenna, head without antenna, leg, and abdomen) for expression analysis were collected as described by Khuhro et al. (2017b) . The collected tissue samples (200 antennae, 40 heads, 80 legs, and 20 abdomens of each sex) were separately placed in liquid nitrogen and stored at −80°C until use. Total RNA isolation and cDNA synthesis were performed as our reported protocols (Khuhro et al. 2017a,b) .
qPCR and Data Analysis
Expression pattern of 21 CSPs regarding tissues and sexes were examined by qPCR ABI Prism 7500 (Applied Bio Systems, Foster City, CA) and specific primers (Supp. Table S1) were designed using Beacon Designer 7.6 (PREMIER Biosoft International). The specificity and amplification of each primer pair was validated by using fivefold cDNA dilution series. The requirement of primer pairs were all within the range as described Khuhro et al. (2017b) . The reaction well had a total volume 20-μl mixture containing 10 μl SYBR Green PCR Master mix, 0.4 μl of each primer (10 μM), 0.4 μl ROX Reference Dye II, 1 μl cDNA template (2.0 ng for all tissues), and 7.8 μl sterilized ultrapure water. The PCR conditions were: initial denaturation at 95°C for 30 s, followed by 40 cycles of 95°C for 5 s, and 60°C for 34 s. For each biological pool; three technical replications were performed. The relative expression levels were calculated by using two different housekeeping genes, i.e., β-actin and GAPDH (Xia et al. 2015) , and data was analyzed using the 2 −ΔΔCt method (Livak and Schmittgen 2001) .
cDNA Cloning, Sequencing, and Vector Constructions
Based on the results of expression profiles, CSP1, CSP2, and CSP3 that were antennae specifically or predominantly expressed were selected for in vitro functional study. To construct the expression vectors, cDNA encoding mature CSP proteins were amplified by using the gene-specific primers containing the restriction sites (Supp . Table S1 ). Purified PCR products of three CsupCSPs were subcloned into a pEASY T3 vector (TransGen, Beijing, China), and positive clones were sequenced by the sequencer (GenScript Biology Company, Nanjing, China). To construct CSP expression vectors, the plasmid containing the inserts were digested by restriction enzymes with specific restriction sites BamHI and Xhol (Fermentas, Thermo Fisher Scientific, Waltham, MA). The digested products were ligated into the expression vectors pET-30a (+) (Novagen, Darmstadt, Germany) that previously digested with the same enzymes (Khuhro et al. 2017b ).
Expression and Purification of Recombinant Proteins
The recombinant proteins were expressed by bacterial expression system and protein purification was accomplished by previously described protocols (Khuhro et al. 2017a,b) . To avoid the possible effects of His-tags on the structures of CSPs, tags were removed by the treatment with a cleaving enzyme (enterokinase), and stored at -80°C for further use.
Ligand Binding Assay
The binding assays were conducted using previously reported protocols Liu et al. 2013; Khuhro et al. 2017a ,b) on a Spectra Max M5 Fluorescence Spectrophotometer (Molecular Devices, California, USA) with Greiner Microlon 96-well plates (Greiner Bio-One, Frickenhausen, Germany). The solutions were excited at 337 nm and emission spectra were recorded between 400 and 460 nm. Firstly, affinities of the fluorescent probe N-phenyl-1-naphthylamine (1-NPN) to CSP proteins were measured. The 2 μM CSP solution in 50 mM Tris-HCl (pH 7.4) was titrated with aliquots of 1 mM 1-NPN (dissolved in methanol) to final concentrations of 2-20 μM, and the resulting fluorescence intensities were recorded. Secondly, the binding affinity of each odorant for the CSP protein was measured by binding assays with 1-NPN as the fluorescent reporter. The 250 µl solution (Tris-HCl 50 mM) containing CSP protein (2 µM) and 1-NPN (2 µM) was titrated with aliquots of 1 mM odorant to final odorant concentrations of 2-30 µM. Three replicates were performed for each odorant. Binding data were analyzed using reported methods (Khuhro et al. 2017a,b) .
Results

Tissue Expression Profile of CSP Genes
To predict their potential functions, the expression levels of CSP genes in sensory tissues (antennae and head) and non-sensory tissues (leg and abdomen) were examined by using qPCR (Fig. 1 ). Results showed that tested CSP genes displayed several tissue expression patterns. Of 21 CSP genes, only CSP2 was antennae specific and seven CSPs (CSP1, 3, 4, 6, 15, 16, and 17) were antennae highly biased in expression. In addition, three CSPs (CSP8, 12, and 19) were male head biased, showing much higher expression levels in the male head than the female head and other tissues. In contrast, three CSPs (CSP9, 18, and 20) were higher in non-olfactory organ than in olfactory organs, with CSP9 being leg-biased, CSP18 female abdomen biased, and CSP20 male abdomen biased. Other seven CSPs (CSP5, 7, 10, 11, 13, 14, and 21) showed no obvious bias in expression between olfactory and non-olfactory tissues.
Expression and Purification of Recombinant CsupCSPs
To further explore their odorant preference, three antennae-specific or highly biased CSPs (CSP1, 2 and 3) were selected for bacterial expression. CSP1 and 2 were present in bacterial pellets, while CSP3 was detected in the supernatant after sonication (Fig. 2 ). CSP1 and 2 were further treated with urea to solubilize the protein pellets and re-naturated by extensive dialysis following the previously reported protocol . Purified proteins were obtained by passing them through a His-tag affinity column followed by a treatment with enterokinase to remove the His-tag (Fig. 2) . The purified CSPs (CSP1, 2, and 3) were approximately 19.61, 15.38, and 16.27 kDa, respectively, consistent with the expected molecular weight.
Ligand Binding Properties of Three CsupCSPs
The dissociation constants of CSP1, 2 and 3 to a fluorescent reporter (1-NPN) were calculated as 4.51, 8.88, and 13.97 µM, respectively (Fig. 3A) . To determine the binding affinities of CSPs to three sex pheromone components and 35 plant volatiles, competitive binding assays were carried out. According to the criteria of high (Ki ≤ 10.00 µM), moderate (Ki = 10.01-20.00 µM) and low (Ki = 20.01-30.00 µM) binding affinity for plant volatiles. CSP1 displayed high binding affinities for four plant volatiles (Ki = 7.77, 8.90, 9 .16, and 9.16 µM) for 2-tridecanone, benzaldehyde, laurinaldehyde, Fig. 1 . The relative transcript levels of CSP genes in male and female of C. suppressalis were quantified by qPCR. The transcription levels of CSP genes were normalized with housekeeping genes (β-actin and GAPDH) and data were calculated by using 2 −ΔΔCt method. Error bars indicate standard error of three biological replicates (three technical replications were carried out in each biological pool).
and 2-pentadecanone, respectively, and moderate bindings for nine and low for two compounds; CSP2 demonstrated high bindings (Ki = 9.22 and 9.25 µM) for two alcohol compounds of (+)-cedrol and 2-heptanol, respectively; moderate for nine and low for six plant volatiles. However, CSP3 did not show high binding affinity for any tested plant volatiles, and only showed moderate binding for three compounds and low binding for four compounds (Fig. 3B and Table 1 ).
For sex pheromone components, CSP2 and CSP3 showed Ki values of 8.89 and 6.23 µM for Z11-16:Ald, and of 9.55 and 8.86 µM for Z9-16:Ald, respectively ( Fig. 3D and Table 1 ). However, according to the criteria for sex pheromone components, these Ki values indicated only low binding affinities. For sex pheromones, it is recognized as high, moderate and low binding affinity when the Ki value is ≤2.00, 2.01-5.00, and 5.01-10.00 µM, respectively.
Discussion
Insects mostly use antennae to detect odorants from the external environments (Schneider 1957) . Various sensory sensilla in the antennae play essential roles for insects to locate the food, shelter, mate, and threats (Kaissling 2001 , Hallem and Carlson 2006 , Hansson and Stensmyr 2011 . CSPs are thought to function as carriers of external odorants, and thus play crucial roles in insect olfaction. However, only few CSPs are specifically or predominantly expressed in olfactory organs, while most CSPs are extensively expressed in a wide range of sensory and non-sensory tissues, suggesting that these CSPs play other functions. RNAi or other in vivo functional studies have evidenced some non-olfactory functions, such as limb regeneration by a CSP (p10) in P. americana (L.) (Nomura et al. 1992 , Kitabayashi et al. 1998 , embryo development by CSP5 in Apis mellifera (L) (Hymenopterans: Apidae) (Maleszka et al. 2007) , and cuticle growth and ecdysis by CSP9 (a homologue of AmelCSP5) in Solenopsis invicta (Buren) (Hymenoptera: Formicidae) (Cheng et al. 2015) .
In order to understand functions of CSP in C. suppressalis, tissue expression profiles were characterized by qPCR. As expected, 21 CSPs showed various tissue expression patterns and thus suggested different functions, consistent with studies in other insects (Gong et al. 2007, Gu et CSPs (CSP1-4, 6, and 15-17) were specifically or predominantly expressed in the antennae of both male and females. Since antennae are primary olfactory tissue in adult insects, these CSPs may play important roles in perceiving host plant volatile and odorant from other sources, similar to CSP19 in Sesamia inferens (Walker) (Lepidoptera: Noctuidae) (Zhang et al. 2014) and CSP6 in H. armigera (Hübner) (Lepidoptera: Noctuidae) . CSPs highly expressed in antennae were also reported in other insects, such as Adelphocoris lineolatus (Goeze) (Hemiptera: Miridae) (Gu et al. 2012) , and Chouioia cunae (Yang) (Hymenoptera: Eulophidae) (Zhao et al. 2016) . Secondly, we found that 4 CSPs (CSP5, 8, 12, and 19) were expressed predominantly in heads. Although antennae have been removed from the tested heads, there is still the proboscis, a major gustatory organ and minor olfactory organ (Scott et al. 2001 , Kwon et al. 2006 ). Therefore, these CSP genes might be involved in the recognition of non-volatile and volatile chemicals especially from the food sources. In addition, CSP9 transcripts were mainly detected in the legs of both sexes, suggesting their possible gustatory roles, considering that adult legs bear gustatory sensilla and even olfactory sensilla in some insects (Nayak and Singh 1983, Stocker 1994) . On the other hand, some CSPs (CSP18, 20, and 21) were highly detected in both male and female abdomen, a clearly non-olfactory tissue, implying the importance of these CSPs in other physiological/developmental functions. In many other insects, abdomen highly expressed CSPs were also reported, such as CSP18 in testes and CSP12 in ovaries from B. mori (Gong et al. 2007) , and CSP5 in ovaries from the A. mellifera (Maleszka et al. 2007) .
Focussing on the olfactory CSPs, binding properties of three antennae specific or highly biased CSPs (CSP1, 2, and 3) were further determined by competitive binding assays, with 35 host plant volatiles from rice , Feng et al. 2010 , Fujii et al. 2010 ) and other plants (Bengtsson et al. 2001 , Dudareva et al. 2004 , Mei et al. 2007 , and three sex pheromone components of C. suppressalis (Nesbitt et al. 1975) . The binding assay showed high bindings of three CSPs for the fluorescent reporter (1-NPN), with dissociation constant of 4.51, 8.88, and 13.97 µM for CSP1, 2, and 3, respectively. However, the straight lines on the graph insets for CSP2 and 3 did not fit the data very well. The upward-curving Scatchard plots might be caused by negative interaction between different binding sites in a CSP molecule or with heterogeneous binding sites, and thus the binding constants reported in this study were not so accurate, and could be improved by using a different binding model that takes into account the complexity of the NPN binding to the CSPs. CSP1 and CSP2 exhibited high binding affinities for four and two plant volatiles respectively, whereas CSP3 did not show high binding affinity for any tested plant volatiles. These six host plant volatiles and several other volatiles of moderate affinity for CSP1 and CSP2 are previously reported to be able to elicited strong electroantennographic (EAG) responses in adult C. suppressalis (Wei et al. 2013 , Khuhro et al. 2017a , showing consistency between binding assay and the EAG assay. However, we noted that farnesene elicited significant EAG response (Khuhro et al. 2017a ), but did not show high or moderate binding affinity with any of three CSPs tested here and recently studied CsupOBPs (Khuhro et al. 2017b) . It is expected that other CSPs or/and OBPs are responsible for farnesene binding which needs further exploration.
Several studies reported that CSPs displayed high binding affinity for sex pheromones (Ki ≤ 2.00 µM), such as CSP19 in S. inferens (Ki = 0.49-1.78 µM) (Zhang et al. 2014) , and CSP6 in H. armigera (Ki = 0.92-1.38 µM) , suggesting that these CSPs play roles in perception of the sex pheromones. In the present study, we also measured the binding affinities of three CSPs for the sex pheromones. However, none of the three CSPs showed high binding for the sex pheromones according to the criteria. In contrast, high binding affinity for three sex pheromone components (Ki < 2.00 µM) was demonstrated with pheromone binding proteins (PBPs) (Chang et al. 2015) and general odorant binding proteins (GOBPs) (Gong et al. 2009 , Khuhro et al. 2017a . Therefore, in C. suppressalis, PBPs and GOBPs are responsible for transporting the sex pheromones, and CSPs (at least the three ones tested here) are not involved in the sex pheromone perception.
In summary, we found different tissue expression patterns among 21 CSPs, suggesting the functional diversity of CSPs and in particular, eight CSPs showed antennae biased expression, indicating their involvement in olfaction. Further ligand binding assay of three antennae highly biased CSPs revealed that CSP1 and CSP2 have high binding affinities for four and two host plant volatiles, respectively. Table 1 .
Taken together, we suggest that these CSPs play essential functions in the perception of host plant volatiles and thus, in finding host plants for food, habitat and other purposes.
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